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CYTOKINE 

A soluble protein that Is 

produced and released by 
Individual cells that transmit 
distinct messages of activation. 
Inhibition, chemoattraetlon or 
apoptosis to other cells. This 
Interaction triggers effector 
mechanisms within the 
responding cell Key pro- 
inflammatory cytokines include 

IL-iP.TNF-aand IFN-y. 

FREE RADICAL 

An atom or a group of atoms 
that has an unpaired electron. 
These are highly reactive to 
biological molecules and will 
damage them. 


Laboratory of Human 
Carcinogenesis, 

National Cancer Institute, 
National Inst states of 
Health, 37 Convent Drive, 
Bethesda, Maryland 
20892-4255, USA. 

* Time authors contributed 
equally to this pager. 
Correspondence to C.C.H. 
e-mail; 

Curtis,, Ha/ris&nih. gov 
doi:l0.I038/nrcKMG 


RADICAL CAUSES OF CANCER 

5 . Permz Hussain*, Lome J. Hofseth*and Curtis C. Harris 


Free radicals are ubiquitous in our body and are generated by normal physiological processes, 
including aerobic metabolism and inflammatory responses, to eliminate invading pathogenic 
microorganisms, Because free radicals can also inflict cellular damage, several defences have 
evolved both to protect our cells from radicals — such as antioxidant scavengers and enzymes 
— and to repair DNA damage. Understanding the association between chronic inflammation 
and cancer provides insights into the molecular mechanisms involved, In particular, we 
highlight the interaction between nitric oxide and p53 as a crucial pathway in inflammatory- 


mediated carcinogenesis. 

The infectious and non-infecdous generation of chronic 
injury and irritation initiates an inflammatory 
response 1,2 , ‘Go’ signals 2 — such as bioactive peptides 
from neurons, cvtokines or receptor molecules that 
sense microbes — lead to the recruitment or mast cells 
and leukocytes to the damage site. A subsequent ‘respi¬ 
ratory burst’— an increased uptake of oxygen that leads 
to the release of trie radicals from leukocytes, including 
activated macrophages — can damage otherwise 
healthy neighbouring epithelial and stromal cells. This 
process can drive carcinogenesis by altering targets and 
pathways that are crucial to normal tissue homeostasis 
(reviewed tnREFSu). It has been estimated that chronic 
infection and associated Inflammation contribute to 
about one In four of all cancer cases worldwide 1 *. 

Targets of free radicals in inflammation Include 
DNA, proteins, RNA and lipids (FIG. l). Mutations In 
cancer-related genes or post-translational modiflca- 
dons of proteins by nitration, ntirosation, phosphory¬ 
lation, acetylation or polyADP-rlbosyiatlon — by free 
radicals or Upid peroxidation byproducts, such as the 
reactive aldehydes malondialdehyde and 4-hydroxy- 
nonenat — are some of the key events that can 
increase the cancer risk. In addition, free radicals can 
modulate cell growth and tumour promotion by 
activating signal-transduction pathways, which 
results in the transcriptional induction of proto- 
oncogenes, including c-FOS, c-JUN and c-MYC 5 , that 
are involved in stimulating growth. Mechanistic 
studies have shown that protein phosphorylation and 
polyADP-ribosylatlon of chromosomal proteins are 


involved in the transcriptional induction of c-FOS by 
oxidants 6 and that a pro-oxidant state can promote 
neoplastic growth 2 . 

TABLE l summarizes examples of oxyradical over¬ 
load diseases. These develop from conditions of 
chronic inflammation and can have an aetiology that 
is primarily inherited or acquired through viral, bac¬ 
terial and parasitic Infection, or acquired through 
chemical Induction. Cancer proneness is frequently a 
pathological consequence of extensive and sustained 
free-radical stress-related damage in these diseases. 
However, the exact mechanisms still require further 
elucidation. What are the roles of free radicals in can¬ 
cer proneness in chronic inflammatory — ‘oxyradical 
overload' — diseases? What are the targets of these 
free radicals in vitro and in vivo? And, because the 
tumour suppressor p53 is a crucial target for alter¬ 
ation, how is this molecule Involved In the genesis of 
cancer during chronic inflammation? 

Free radicals damage DMA and modify proteins 

The hypothesis that free radicals have a role in carcino¬ 
genesis comes from in vitro studies describing their role 
in DNA damage, and protein structural and functional 
modifications. One of the earitest convincing studies 
showing that free radicals damage DNA came from the 
observation that hydrogen peroxide (H.O.), in the pres¬ 
ence of a perloxidation activator, Fe ; (SO,) 3 , Induced 
chromosome fragmentation 8 . Since then, many others 
have shown an association of other free radicals with 
DNA damage and protein modifications*' 1:1 
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NITRATION 

Addition of an equivalent of 
N0 2 * In a free-radical 
mechanism, often resulting In 
the formation of 
3-nltrotyraine. This 
modification can affect the 
function of certain proteins and 
Is Involved In disease pathology, 
including cancer. 

N7TROSATION 
Addition of ati equivalent of 
NO (nlirosoniiim ion or 
nltrosyl cation) to an amine, 
thiol or hydicayarocnatic group. 

LIPID PEROXIDATI ON 
Auto-oxldatlon of llpkts that are 
exposed to oxygen. 


: Summary _ . ' _ ' _. 

1 • Chronic inflammation deregulates cellular houteostasis and can drive carcinogenesis. 

* Free radicals and aldehydes — produced during chronic Inflammation—can induce a number of alterations, 
including gene mutations and post-translational modifications of key cancer-related proteins. These alterations can 
lead to the disruption of cellular processes such as DNA repair, cell-cycle checkpoints and apoptosis. 

* The ultimate effect of free radicals is complex and depends on their local concentration, the microenvtronnient and the 
genetic background of the individual. 

• Nitric aadde and its derivatives damage DNA and modify protein structure and function but can also protect bum 
cytotoxicity. These ‘two faces' of nitric oxide highlight the need for further study before considering nitric oxide as a 
target for chemoprevention In high cancer risk, chronic inflammatory disras^ 

♦ People with cancer-prone inflammatory diseases, such as ulcerative colitis, hacmochromatosis and viral hepatitis, have 
alterations in cancer-related genes and proteins, which are associated with free-radical stress. 

• Transgenic and knockout animal models support the role of free radicals in carcinogenesis. 

• Prospective chemoprevention studies are needed to evaluate the use of antioxidants and inhibitors of pro-oxidant 
enzymes for the prevention of cancer in people with axyradical overload diseases. 
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Figure l | Impact of free radicals released at sites of inflammation on cellular molecules. 

Iriflairmato! begins with a reaction 10 an Irritant or Infection that is characterized by movement of 
fluid and white blood cells into extravascular tissue. This Is folowed by tissue repair and 
regeneration and involves cell proliferation. Associated with these processes are the release of 
See radicals such as reactive oxide species (ROS) and nitrogen oxide reactive species (RN OS). 
This can activa te a process called lipid peroxidation and the atachidonic-ecfd cascade, wfth the 
production of cel-proliferation-stimulating eicosanolds. Also, DNA-damaging agents, such as 
malondialdehyde (MDA) and 4-hydroxynonenol (4-HNE). are by products of ihe arachldoric-acld 
cascade. The tree radicals can also damage DNA and modify the structue and function of 
cancer related proteins directly. 0H\ hydroxyl radical; O,". superoxide; NO", nitric oxide; QNQQ-, 
peroxynitrite; N s O, nitrous anhydride. 


Due to the oomplex chemical and biological nature 
of free radicals, we are only now beginning to under¬ 
stand the key players Involved In inflammatory-medi- 
ated carcinogenesis and their specific actions. In this 
review, we focus on the effects of free radicals on bio ¬ 
molecules in relation to carcinogenesis. The complex 
chemistry has been extensively reviewed elsewhere 3 - 14 - 11 *. 
Highly reactive molecules to DNA in vitro include 
hyroxyl radicals (OH"), which cause oxidative DNA 
damage, and peroxynitrite (ONOO ), which causes 
both oxidative damage and nitration of DNA bases. 
In vivo, the relevance of OH" to DNA damage, however, 
remains unclear because it has a very short half-life, and. 
therefore, has to be produced directly adjacent to DNA 
to Induce damage 17 . By contrast, ONOO can diffuse 
within cells’ 8 , and so might be of particular concern 
during chronic inflammation. A less reactive molecule 

— such as nitric oxide (NO") — has the ability to dif¬ 
fuse over several cell diameters' 9 and might also be rele¬ 
vant. Reactive species that are derived from NO" are 
released from Inflammatory cells and can act on neigh¬ 
bouring dividing epithelial cells, leading to somatic 
mutations in crucial cancer-causing genes. 

Test-tube and cell-culture studies have shown that 
DNA is not the only molecule at risk. Proteins such as 
DNA-repair enzymes, those involved in signal trans¬ 
duction. apoptotlc modulators and the p53 protein 
can be modified — both structurally and functionally 

— when exposed to free radicals 19 . Key post-transla¬ 
tional modifications following free-radical exposure 
and their functional consequences have been 
reviewed elsewhere 21 - 22 . We 23 and others 24 have shown 
that, after exposure to NO" and its derivatives, p53 is 
post-translationally modified at residues that are cru¬ 
cial to its multiple functions. Others have shown that 
DNA-repalr and signal-transduction molecules, such 
as DNA-protein kinases, are activated by exposure to 
NO" (REFS 25.26). As a modifier of proteins that are 
crucial to cell function, NO" can influence down¬ 
stream events in carcinogenesis, including cell-cycle 
checkpoints 27 , apoptosis 26 and DNA repair 28 - 30 . 
Elucidation of these influences has provided a better 
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Table 1 | Examples of high cancer risk, oxyradical overload diseases 


Disease 

Inherited 

Cancer 

Risk* 

References 

Haemochfomatosis 

Liver 

219 

97 

Crohn's disease 

Colon 

3 

153 

Ulcerative colitis 

Color 

6 

154 

Acquired: viral 




Viral hepatitis B 

Liver 

88 

155 

Viral hepatitis C 

Liver 

30 

155 

Human papillomavirus infection 

Cervix 

16 

156 

Acquired: bacteria! 

Helicobacter pyfoninfection 

Gastric 

10 

157 

Urinary bladder catheterization 

Bladder 

5-28 

158 

Prostatitis 

Prostate 

2 

179 

Acquired: parasitic 

Schistosoma hematobium 

Bladder 

2-14 

134 

Schistosomajaponicum 

Color 

1,2-6.0 

134 

Acquired: chemical/physical 

Barrett's oesophagus 

Oesophageal 

50-100 

159 

Pancreatitis 

Pancreatic 

2-3 

160 


understanding of how a micro-environment of 
chronic inflammation can transform a normal cell 
into a cancer cell (FIGS 1 and 2 ). 

The two faces of nitric oxide 

Since Its discovery, It has been dimculc to identify the 
specific roles of NO" in carcinogenesis. This is because 
the effects of NO* are dependent on Its concentration, 
its interaction with other free radicals, metal ions and 
proteins, and the cell type and the genetic background 
that it targets. It is fairly clear that NO’ mediates 
angiogenesis 31 ^ 33 . However, NO* can both cause DNA 
damage and protect from cytotoxicity, it can inhibit 
and stimulate cell proliferation, and it can be both 
pro- and anti-apoptotlc 3110 . It Is therefore important 
to be aware of the conditions used when interpreting 
results from cell-culture experiments". Depending on 
the conditions used, DNA-damaging NO' byproducts 
— such as nitrosoperoxycarbonate, ONOO" and 
nitrogen dioxide — are often formed 18 " 51 . This com¬ 
plicated chemistry and the biological actions of NO* 
should also be considered when interpreting the 
results of animal studies 3152 

Inflammation, nitric oxide and pSS 

Alterations In DNA occur after exposure to high lev¬ 
els of NO* and its derivatives 5315 . p53 mediates the 
response to various stress signals, and exposure of 
NO*causes p53 accumulation and post-translational 
modifications 21 that Inhibit cellular growth. This can 
lead to selective clonal expansion of p53-mutant cells 
following NO’ exposure (FIG. 2). We have tested this 
hypothesis by genetically engineering human cancer 
cells in vitro to produce concentrations of NO* that 
are similar to those in human cancer. Yfe observed an 


‘Relative risk or odds ratio. 


MACONDlAUJEHYDt 
A naturally occurring, binactlve 
by-product of lipid peroxidation 
and prostaglandin synthesis that 

has the potential to damage 
DNA, It reacts with DNA to 
form adducts to doaxygv»«iK>sliie 
and deoxyadenosine. 

FAS LIGAND 

A 40-kDa transmembrane 
protein that belong to the 
tumour necrosis factor (TNF) 
family. It Is a potent pro- 
apoptotlc factor. 


increase in the expression of the Gl—S cell-cycle 
checkpoint protein, WAF1, in cells with wild-type 
p53, and also expression of the enzyme Inducible NO 
synthase (iNOS), which catalyses the production of 
NO*, leading to reduced tumour growth and 
increased tumour necrosis as xenografts in athymic 
nude mice. By contrast, engineered cells with 
mutated p53 showed an accelerated tumour growth 
and an increase in the expression of vascular 
endothelial growth factor (VEGF) and neovascular¬ 
ization 50 . Regulation of VEGF by NO* has been 
confirmed by other investigators 5 ’. Furthermore, 
wild-type p53-induced transrepression of iNOS, as 
shown In both in vitro and In vrVooonditiQns 58 so , pro¬ 
vides a protective mechanism against prolonged 
exposure to pathological concentrations of NO*. 
These studies indicate that exposure of cells to a high 
level of NO* and its derivatives during chronic 
inflammatlonin the absence of wild-type p53 — and 
therefore the negative iNOS regulation — might 
Increase the susceptibility to cancer. 

There is also evidence of an association between 
NO*and Its derivatives, and p53 mutations 60 - 61 . Both 
an increase in p53 mutations at codons 247 and 248, 
and an increase In iNOS expression, are found in 
Inflamed lesions of the colon of patients with ulcera¬ 
tive colitis (UC) 61 . Similarly, a high expression of 
iNOS along with G:C to T: A transversions at codon 
249 of p53 is reported in the tissue from patients with 
haemochromatosis 13 . In colon tumours, iNOS activ¬ 
ity is highest in adenomas, then decreases with 
advancing tumour stage and is lowest in metastatic 
tumours 0063 . One explanation for this reduction in 
INOS is the killing of tumour-associated mononu¬ 
clear cells, which produce iNOS, by fas ligands In 
advanced tumours 61 . Interestingly, in colon tumours 
there is a positive correlation between iNOS activity 
and G:C to A;T mutations at 5-methylcy tosine sites 
in p53, but the rates of all other mutations vary 
inversely with iNOS activity™. There is also an associ¬ 
ation between increased iNOS expression and G:C to 
A:T transition mutations in p53 in stomach, brain 
and breast cancers 05 " 70 . NO* and its derivatives are, 
therefore, capable of causing mutations in cancer- 
related genes, inducing clonal expansion of mutated 
or aberrant cells and promoting angiogenesis — NO* 
can therefore act as both an endogenous initiator and 
a promoter in human carcinogenesis. 


Aiwnal models of ■t fla m matk m 

Animal models have been developed to provide a bet¬ 
ter understanding of the mechanisms that are 
involved tn chronic Inflammatory-associated car¬ 
cinogenesis. There are several models for many of the 
diseases. The first studies — published in the 1940s 
— described an increased cancer incidence in areas of 
the body undergoing chemical or physical irrita¬ 
tion 71,72 . Since then, there have been many animal 
models developed that use irritants to induce chronic 
inflammation. Often, if the inflammation continues 
over a prolonged period, cancer develops at the site of 
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Figure 2 | Free-radical generation, cellular stress and tumorigenesis. Free radicals 
might inhibit or exacerbate tumorigenesis. depending on concentrations, the cell type, 
genetic background and the microenvironment in which free radicals act. Pro-inflammatory 
cytokines induce inducible nitric oxide synthase (iNOS) and COX2 that generate free radicals 
(for example, reactive oxygen species (ROS) and NO*). Both INOS and COX2 can be 
transcriptionally repressed by pS3 (REFS 56,152). The cellular stress response Involves 
Identification of the DNA damage. DNA repair and loss of preneoplastlc cells. By contrast. 
Insufficient repair of DNA damage causes a procarclnogenic response, triggering selection 
of cancerous cells and angiogenesis. ATM, ataxia telangiectasia mutated: ATR. ataxia 
telangiectasia and RAD3 related; M1F, macrophage inhibitory factor; VEGF, vascular 
endothelial growth factor. 


/W GENE 

The adenomatous polyposis call 
gene is a tumour suppressor. 
Mutations in the gene am 
responsible for familial 
adenomatous polyposis and 
most sporadic colorectal 
cancem. The hest undercttxxJ 
function ofAPClsthe 

destabilization of (i-catenln, a 
key effector of the WNT 
signall lug pathway. 


Irritation and inflammation. One example of such a 
model is mice that have been fed dextran sodium sul¬ 
phate (DSS), which leads to the onset of Inflamma¬ 
tory bowel disease and, If continued, colon cancer 7118 . 
In another model, surgically opening the duodenum 
to the gastroesophageal Junction — oesophagogas- 
troduodenal anastomosis — which introduces mixed 
reflux of gastric and duodenal contents in tats, causes 
the onset of Barretts oesophagus and, If continued, 
oesophageal cancer 75 ™. In addition, transgenic mice 
overexpresstng the hepatitis B virus large envelope 
polypeptide develop inflammation and regenerative 
hyperplasia, and, if continued, liver cancer”. 
Helicobacter pylori infection in mice induces chronic 
inflammation and gastric atrophy, and, if continued, 
gastric adenocarcinoma 78 . 


Knockout models targeting key molecules Involved 
in inflammation and inflammatory-mediated carcino¬ 
genesis also provide a better understanding of potential 
targets forchemoprevention. 

ll-10-knockout mice. Interleukin-10 (IL-10) is an 
anti-inflammatory cytokine and a pleiotropic mole¬ 
cule with diverse effects, including the regulation of 
T-cell responses, the regulation of acute inflamma¬ 
tory responses and the regulation of free-radical 
release (reviewed In ref. 79 ) . Knocking out the gene 
for 11-10 in mice leads to enterocolitis 88 , which is sim¬ 
ilar to human inflammatory bowel disease. This Is, 
therefore, a useful model to study UC and Crohn's 
disease associated with carcinogenesis. H-10 1 mice 
have progressive inflammatory changes in the colon 
and a high incidence of colo-rectal adenocarcino¬ 
mas 81 . The demonstration that ihe enterocolitis 
pathology in //-7th 7 mice can be partially improved 
by exogenous II. 111 administration provides addi¬ 
tional evidence that this molecule has an important 
role In Inflammation 81 . However, the story is compli¬ 
cated by an interesting observation — Helicobacter 
bepafirus has also been shown to be involved in the 
development of enterocolitis in li-10 1 mice 87 . 

iNOS-knodcout mice. iNOS can produce micromolar 
quantities of NO*, and is a key molecule involved in 
inflammatory-mediated carcinogenesis 52 . iNOS 1 mice 
were first generated in!995totestthe hypothesis that 
iNOS defends the host against infectious agents and 
tumour cells at the risk of contributing to tissue dam¬ 
age and shock 88 . Since then, these mice have proved 
useful in investigating the role of iNOS in many other 
pathologies, including inflammation, liver regenera¬ 
tion, tumorigenesis and sepsis-induced hypotension 
(reviewed in REF. 84). 

Studies have shown that iNOS ' mice treated with 
the irritant trinitrobenzene develop eariy-phase inflam¬ 
mation compared with wild-type mice 85 . Others have 
found that genetic ablation of the iNOS gene confers 
significant resistance to trinitrobenzene-induced lethal¬ 
ity and colonic damage, and reduces the post-transla- 
tlonai modification of proteins, such as nitrotyrosine 
formation and the production of lipid peroxidation 
byproducts, such as malondialdehyde 86 . Also, if the 
iNOS’ 1 ' mice are fed DSS they show reduced signs and 
symptoms of colitis compared with wild-type mice, 
indicating that iNOS might have a crucial role in the 
pathology of colitis 78 . The Implications of reduced 
inflammation of the colon in these mice remains to be 
determined. An interesting study by Konopka et a/. 87 
indicated that iNOS 7 mice inoculated with BIG FI 
melanoma cells develop less tumours, which are associ¬ 
ated with lower VEGF expression, than those In wild- 
type mice, further indicating a role for iNOS in tumour 
progression 56 . Another recent study found that when 
mice with a germiine mutation in the apc tumour-sup¬ 
pressor gene (Min mice) were fed with DSS, they had 
significantly accelerated colitis, dysplasia and cancer 
development compared with wild-type mice, indicating 
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Figure 3 | Gene-microenvlronment interactions in chronic inflammation. Genes and 
environmental exposures contribute to the carcinogenic process in chronic Inflammatory 
diseases. The effects can be additive or multiplicative, and are modifiable by inter-lndrvidual 
variation in genetic function. Wo propose including antioxidant and base-excision DNA-repalr 
genes as caretaker genes involved in maintaining genomic integrity. N. number; ROS, reactive 
oxygen species; RNQS, reactive nitrogen oxide species. 


that this mutation is important in inflammatory- 
bowel-dlsease-assoclated cancer”. Finally, Ahn and 
Ohshima have shown a significant reduction in adeno¬ 
mas in Min/ iNOS' mice compared with Min mice 
alone 98 , indicating that NO* and its derivatives have an 
important role in promoting colon carcinogenesis in a 
background of APC mutations. 


Coxl-and Cox2-knockout mice. Cyclooxygenases 
catalyse the transformation of arachidonic acid into 
prostaglandin H2, as the first step In the biosynthesis 
of prostaglandins and their associated compounds. 
Following the discovery of Two isoforms of cyclooxy¬ 
genase (COX 1 and COX2). many studies focused on 
the latter, inducible isoform (COX2) as a crucial mol¬ 
ecule in infiammatory-medtated carcinogenesis 89 . 
Recent studies, using CoxT' and Cox2 mice, indi¬ 
cate that both of these enzymes are important in can¬ 
cer development™ M , Recently, a third member of the 
cyclooxygenase family, COX3, has been cloned and 
characterized". COX3 is selectively inhibited by 
pyretic drugs that alleviate pain or fever, such as 
acetaminophen, phencetin. antipyrlne and dlpyrone, 
and is potently Inhibited by some non steroidal 
anti-inflammatory drocs (N SAIDs), Glycosylation Is 
required for its activity, it is a membrane-bound 65- 
kDa protein (5.2 kh mRNA), and it is found mostly 
in the cerebral cortex and heart. The future develop¬ 
ment of CoxJ-knockout mice will provide insight 
into its significance to tumorigenesis. 


NON-STEROIDAL ANTI¬ 
INFLAMMATORY DRUCS 
(NSAIDs). This hoeroaencous 
group of drugs primarily target 
the cyclooxygenase enzymes to 
treat pain, fever and 
inflammation. 


Human oxjrmfical overload diseases 

We have already outlined some of the more prevalent 
oxyradlcal overload diseases above and in table i. In this 
section, we will focus on selected diseases as models to 
better understand the association between chronic 
inflaminaUon and cancer in human tissues. 


Haemoctiromatosts. The molecular changes that are 
associated with hepatocellular carcinoma (HCC) and 
other diseases that cause chronic liver injury, inflamma¬ 
tion, hepatocellular necrosis and liver regeneration dis¬ 
eases, have been well characterized 89 . Populations that 
are at high risk of developing HCC are useful models 
for examining the associadon between chronic Inflam- 
madon and cancer. Included in this group are chronic 
hepadds B or C carriers and patients with a genedc sus¬ 
ceptibility to HCC, such as those with haemochro- 
matosis. If the process of chronic liver injury and 
inflammadon continues for many years, liver cirrhosis 
occurs, which then markedly increases the risk of devel¬ 
oping HCC. These findings indicate that the modu¬ 
lation of cell proliferadon and/or inflammatory 
responses that is associated with necroinfiammatory 
diseases is responsible for the increased probability of 
neoplastic transformation of HCC precursor cells. 

Haemochromatosis Is an inherited cancer-prone 
disease that is characterized by excess build-up of iron 
In the liver, leading to Ussue damage by means of 
oxyradlcal overload 87 . Genes involved in hereditary 
haemochromatosis include HFE, a gene on chromo¬ 
some lq, and genes encoding the transferrin receptor 2, 
ferroportin and ferritin H 98 . The resuldng excessive 
accumulation of iron in hepatocytes causes hepatocel¬ 
lular Injury, leading to fibrosis and cirrhosis (reviewed 
In REE 99). The metal ions and the free radicals that are 
produced can induce a number of alterations in cellular 
macro-molecular targets, as well as point mutations in 
genes' 8190 loz . Increased cell division contributes to the 
conversion of DNA lesions into point mutations. We 
have tested the hypothesis that an increase in the TP53 
mutation load in the liver of haemochromatosis 
patients can arise before cancer development through 
several different mutagenic pathways’ Reactive alde¬ 
hydes — such as 4-hydroxynonenaI, maiondialdehyde 
and crotonaldehyde — that are produced during lipid 
peroxidation, can generate exocyclic DNA adducts 
(addition of a 5-6-membered exocyclic ring on DNA 
bases) and point mutations 111 ' -109 . We have reported 
previously that 4-hydroxynonenal preferentially 
induced G:C to T:A transversions at p53 codon 249 in 
TK6 lymphoblastold cells 67 . There is also evidence of 
increased lipid peroxidation and etheno-DNA adducts 
(addition of a 5-membered exocyclic ring on DNA 
bases) in haemochromatosis patients 107 l09 . 

Ulcerative colitis. UC is a chronic inflammatory disease of 
unknown aetiology, which is associated with an increased 
risk of developing colon cancer. The colonic mucosa in 
patients with UC shows uniform and continuous inflam¬ 
mation with ulceration and micro-abscess formation. 
Neutrophilic Infiltration and inflammatory reactions 
have been linked with the formation of these lesions. The 
precursor neoplasm of UC differs in histology and mor¬ 
phology lo that of sporadic colon cancer. Whereas adeno¬ 
matous polyps are considered to be the main precursor of 
the sporadic disease, UC-associated cancers involve the 
development of epithelial dysplasia 110 . Several genetic and 
epigenetic changes have been described in UC that might 
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Table 21 

Key genetic polymorphisms for genes involved in DMA repair and antioxidation 

provides a measure of a 


Polymorphism 

Normal function 

Cancer site 

biological response to an 

DNA repair genes' 



f ndogenotts or erogenous agent. 
The biological responses might 
be at the molecular, cellular or 

OGGI 

S326C 

Repairs B oxo-dG and other 
altered DNA bases 

Oesophagus, lung, prostate 

Whole-organism level. 

XRCC1 

R194W 

Repairs DNA-base damage and 
Sngle-strand breaks 

Bladder, breast, lung, SCCHN, stomach 


BRCA2 

N372H 

Multiple, including DNA-damage 
response, DNA repair, chromatin 
remodelling, cell-cycle control 

Breast 

Antioxidant genes 

MnSOD 

Val to Ala change 
in the-9 position 

Converts 0,*-to H,0, 

Breast 

GPx 

Pro198Leu 

Converts H,0., to H,0 

Lung 


‘Information for DNA-mpalr genes was obtained from REF. 130. GPx, glutathione peroxidase; Mn$OD, manganese superoxide 
dismuiase; SCCHN, squamous-cell carcinoma of the head and neck. 


be responsible for colon carcinogenesis 1 ".and these differ 
in frequency and timing compared with sporadic can- 
ter 11 * For instance, alterations in p53—a late event in 
the molecular pathogenesis of sporadic colorectal cancer 
— occur earlier in the process of UC-assodated carcino¬ 
genesis 51,1IE . As described above, we have identified UC 
patients with a high p53 mutation load and 1NOS activity 
in areas of active inflammation 61 . This correlation indi¬ 
cates an association between high leveb of free radicals 
and p53 mutations in the inflamed part of colon, thereby 
Increasing the risk of developing colon cancer. 

Viral hepatitis. Some 40% of all HCCs worldwide occur 
in hepatitis B virus (HBV)-lnfected individuals 35 . HBV 
has been studied extensively, and might have several roles 
In HCC initiation. Many early studies focused on viral 
integration, because most HCCs in HBV camera contain 
HBV DNA sequences apparently randomly integrated 
into the host chromosomal DNA 1 This integration and 


Table 31 Human chernoprevention trials in axyradfeal overload diseases 


Disease Cancer Inhibited/ 

potentially inhibited 

Prospective, randomized control trials 

HBV, HCV HCC 

HBV , HCC 

Helicobacter pylori Gastric 

HPV Cervical 

Retrospeclve studies 

Crohn's disease Colon 

UC Coton 

HBV. HCV HCC 

HPV Cervix 


Chemopreventive agent References 

Irtterteron-a 135.137-139 

Sho-saiko-to (TJ-9) 161 

Ascorbic acid, |3-carotene. 162,163 

a-tocophetol 

All-trans retinoic acid. 164,165 

3-imerferon 


NSAIDs 166 

5-ASA, sulphala/ine, 167-171 

mesataine, ursudiol, rotates 

Neomirtophagen C, 172-176 

giycytrftizin. selenium, 
vitamins A and E. p-carotene 

Folates, carotenoids, 177 

vitaminsCand E 


Helicobacter pylori Gastric _ NSAIDs. aspirin 178 

HBV. hepatrtls B virus; HCC. hepatocellular cardnoma; HCV. hepatitis C virus. HPV, human 
papillomavirus; NSAIDs, non-steroidal anti-inflammatory drugs; UC, ulcerative cottis 


subsequent chromosomal alterations might result In the 
loss of tumour-suppressor genes that are necessary for 
cell-cycle control, differentiation and apoptosis. 

Another effect of viral infection receiving increasing 
attention Is hepatocellular necrosis, inflammation and 
liver regeneration. The impact of viral hepatitis, charac¬ 
terized by liver-cell Injury or liver oedema Induced by 
infiltration of inflammatory cells' 1R , can lead to DNA 
damage and the modification of key proteins that are 
Involved In carcinogenesis, which is significant in the 
genesis of HCC. This was shown In a transgenic mouse 
model of HBV. in which sustained accumulation of the 
DNA adduct 8-oxo-2'-deoxyguanoslne (8-oxo-dG) 
starts early in life and increases progressively with 
advancing disease, leading to HCC 11B . 8-oxo-dG — one 
of the main DNA adducts that is formed by oxidative 
stress — can produce a number of missense mutations 
in cancer-related genes. 

Many studies have focused on the Influence of the 
hepatitis B virus x (HBx) protein on HBV-mediated 
hepatocarclnogenesis. HBx binds to many cellular pro¬ 
teins and also acts as a co-transcriptlon factor to regulate 
many cellular and viral genes. The HBx and Inflamma¬ 
tory components of hepatocarclnogenesis are probably 
not mutually exclusive. The HBx protein has been shown 
to interact with inflammation-associated molecules and 
activate pro-inflammatory cytokines 120 - 125 . Also, both 
Inflammatory spedes and HBx can deregulate cell-cycle 
checkpoint controls, block p53-medlated apoptosis and 
Inhibit DNA repair, and therefore contribute to the selec¬ 
tion of cells that are genetically unstable, some of which 
accumulate as unrepaired oncogenic mutants. 

Although hepatitis C virus (HCV) is a significant 
cause of disease-associated morbidity and mortality 
worldwide, its role as an aetiologies! agent in HCC was 
not recognized until 1989 (REFS 126.127). Much of our 
knowledge about Its influence on HCC has since come 
from large epidemiological studies. The mechanisms 
involved, however, are not clearly understood. Due to 
the impact of HCV on viral hepatitis and associated 
Inflammation, HCV, in combination with mechanisms 
involved in chronic inflammation, can have potent 
effects on liver carcinogenesis. 
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Gene^cnienmnMnient interactions 

Molecular epidemiology of human cancer risk is the 
study of inter-individual variation and gene-environ¬ 
ment interactions through a multidisciplinary effort 
— including epidemiology, molecular genetics, cell 
biology, biochemistry, statistics and bioethics. 
Recognizing that cancer is a genetic disease involving 
multiple genes, molecular epidemiology uses momark- 
ers of cancer risk that will elucidate multiple 
gene-environment Interactions, In which several genes 
and exposures work interactively (FIG. 3), 

Any Inherited variation in the genetic code that alters 
protein expression, function or localization can increase 
the susceptibility to cancer. Genetic polymorphisms — 
changes in the nucleotide sequence that are present in at 
least 1 % of the population—are an important example. 
The presence of genetic polymorphisms In genes control¬ 
ling important cellular functions, such as DNA repair, 
apoptosis and the cell cycle, might affect cancer risk in an 
individual. The concentration and activity of DNA-repalr 
enzymes are altered in inflammation 121121 , and cells pro¬ 
tect themselves from the damage caused by free radicals 
through DNA repair. It is therefore important to assess 
genetic polymorphisms in DNA-repair genes In patients 
with chronic inflammation. Recent studies'® have shown 
an association between polymorphisms in DNA-repair 
genes and a variety of human cancers (TABLE 2). 
Generation of free radicals through endogenous cellular 
processes creates an oxidative env ironment which, if not 
removed by the delicately balanced andoxidant enzyme 


| Inflanirriation | 

I 





Figure 41 Chronic Inflammation and production of free radicals regulate multiple cellular 
processes. Free radicals, released at the site of inflammation, not only damage DNA, but also 
modify cancer-related proteins and regulate transcription. Often, if the insult continues over a 
prolonged period of time, the scales are tipped in favour o( increased tumorigenesis, with DNA 
damage and mutation, an Inhibition of apoptosis, a stimulation ol the cell cycla/prdlferation and 
an inhibition of DNA repair. 


machinery, causes oxidative damage in DNA and pro¬ 
teins. Polymorphism of the gene encoding the antioxi¬ 
dant enzyme manganese superoxide dismutase 
(MnSOD), which converts 0/ to Hj 0 2 , alters protein 
trafficking and is associated with increased breast can¬ 
cer risk 131 . Furthermore, a polymorphism at 
Pral98Leu in the glutathione peroxidase 1 gene — 
which converts H,G 2 to water — is associated with an 
increased risk of lung cancer 133 . It would be interesting 
to extend these studies to Investigate cancer-prone, 
oxyradtcal overload diseases. 

Treatment and protection strategies 

Targeting the genes that are involved In chronic 
inflammation with an increased cancer risk might pro 
vide an effective therapy. Current targets for gene ther¬ 
apy In acute inflammatory diseases have been reviewed 
elsewhere 11155 . They Include targeting molecules that 
suppress inflammation (for exam pie, tumour necrosis 
factor-a and p, and Interleukin- 1 .4 ,10 and 13). block 
protease activity (al-antltrypsin, tissue inhibitors of 
metalloproteinases). reduce free radical and superox¬ 
ide production (catalase, superoxide dismutase and 
glutathione peroxidase). Inhibit apoptosis of lym¬ 
phoid-cell and somatic-cell populations (BCL2, BCL- 
X L and (NOS) or promote wound healing (such as 
growth factors). 

Prevention of exposure or eradicating the exposure 
soon after tt occurs Is the most logical strategy for reduc¬ 
ing the risk of cancer in oxyradical overload diseases with 
an environmental component. Changing behaviour 
(such as stopping drug addicts sharing needles and 
increasing the transmission of hepatitis viruses). vaccina¬ 
tions (for HBV and human papillomavirus) and early 
treatment (such as praziquantel for Schistosomiasis infec- 
Uon ,5l3< or interferon for hepadtis 1 ®" 13 ') can also be effec¬ 
tive. Surveillance, screening and prophylactic surgery in 
non-vital organs —such as the colon of DC patients— 
can also be useful. All approaches are complimented by 
chemoprevention strategics. 

Chemoprevention targets pathways that are involved 
in the synthesis and quenching of cancer-causing mole¬ 
cules. In chronic Inflammation, inhibiting free-radical 
synthesis or scavenging free radicals are attractive 
approaches. This can be done by dietary modulation, 
micronutrient supplementation and naturally or syn¬ 
thetically derived drugs, table 1 lists some key prospect 
tive and retrospective chemoprevention trials that point 
towards the usefulness of this strategy to prevent cancer 
In patients with oxyradical ovedoad diseases. 

Conclusions and perspectives 

The term 'oxyradical overload’ encompasses a wide 
range of diseases that are associated with an increased 
cancer risk. Key reasons for this increased risk include 
DNA damage, protein modification and changes in the 
transcriptional activation and/or repression of genes 
that are responsible for cellular homeostasis. Any 
chronic shift in the maintenance of this cellular home¬ 
ostasis can lead to permanent changes associated with 
carcinogenesis (FIG. 4). 


2«2 | APRIL 2003 | VOLUME 3 


® 2003 Nature Publishing Group 


wwvr.n atu re. com / reviews / cance r 


PM3006731568 


Source: https://www.industrydocuments.ucsf.edu/docs/khvj0001 













o 


REVIEWS 


Because of the complexity of free radicals, it has been 
difficult to delineate the specific role of each radical in 
carcinogenesis. Vife argue that NO" and its derivatives are 
not only key molecules that damage DNA, but they also 
modify the structure and function of proteins that are 
Involved in the maintenance of cellular integrity and that 
promote angiogenesis, However, there are 'two laces' of 
NO", and further study is required before iNQS and NO" 
should be considered as targets for the prevention of 
chronic-inflammatory-induced carcinogenesis in 
humans. Al present, evidence favours the use of COX2 
Inhibitors as chemoprevention agents 80 . Combination 
strategies using both 1NOS and COX2 inhibitors, or 
using single agents that target both 1NOS and C0X2 {for 
example, dexamethasone) using NO-releasJqgNSAIDs, 
or targeting the NF-kB pathway might prove to be useful 
approaches for reducing cancer that Is associated with 
chronic inflammation 140 1,< . As a cautionary note, in 
some cases, targeting 1NOS or COX2 has resulted in an 
exacerbation of carcinogenesis In animal models 
(reviewed in REFSS£89). 

Careful attention by means of chemopreventiveor 
other regimens must be given to patients with oxyradi- 
cal overload diseases to stop, or even reverse, carcino¬ 
genesis before the cancer becomes clinically observable. 
Towards this end, to our knowledge, there have been no 
retrospective or prospective chemoprevention studies 
published for many oxyradical overload diseases other 
than those listed in table 3 . There Is a need for more 
long-term, prospective, randomized studies to provide 
insight into the agents that can protect the many people 
with oxyradical overload diseases from cancer develop¬ 
ment, Although the best way to test the efficacy of 
chemopreventive agents Is by determining their ability 
to reduce cancer incidence, this is rarely done In a 
prospective manner because of the expense, time and 
manpower required. This is why In high cancer risk, 
oxyradical overload diseases, cancer as an end point is 
rarely used to lest the efficacy of chemopreventive 


agents. Instead, intermediate biomarkers can be useful as 
predictors of outcome. However, few markers have been 
properly evaluated to directly link them to cancer out¬ 
come. The Impact of free radicals on DNA Is thought to 
be the main link between free radicals and cancer forma¬ 
tion, and as p53 is a key molecule involved In carcinogen¬ 
esis, quantification of TP53 mutation load is a promising 
intermediate-effect marker to predict cancer risk or to test 
the efficacy of chemopreventive agents. Measuring the 
TP53 mutation load or the frequency of mutated alleles 
In non-tumorous tissue might indicate previous carcino¬ 
gen exposure and identify individuals at increased cancer 
risk. As only an extremely small number of cells harbour 
a particular mutation at the early stage of a disease, the 
development of a highly sensitive genotypic assay has 
been important In allowing the detection of low-fre¬ 
quency mutations In normal-appearing human (issues, as 
well as In cells tliat are exposed to an environmental car- 
cinc>gen l4S_w . The analysis of cancer-related gene frag¬ 
ments in serum or other bodily specimens, such as stools, 
might also provide useful Intermediate biomarkere 1 2 3 4 5 * 7 * 9 10 11 ® l4s . 

Because free radicals directly modify DNA and 
proteins, the measurement of damage products is 
useful for assessing risk or for developing chemopre- 
vention strategies in oxyradical overload diseases. 
These markers, as well as measuring p53 post-trans¬ 
lational modification and accumulation 23 , assess 
overall exposure of the body to inflammatory stress. 
Some promising specific markers used in the moni¬ 
toring of nltrosative stress and chemoprevention of 
this stress include A/-nitrosoprnline, AAnltrosamino 
acid and NO^ in urine or plasma; 8-oxo-dG, 8-nitro- 
soguanosine, exocyclic etheno- and malondlalde- 
hyde-DNA adducts in leukocytes or target tissue: and 
3-nitrotyrosine protein adduc(s lzsz,,sn,lsl . So far. the 
consequences of these effect markers on human car¬ 
cinogenesis are unknown and need to be evaluated 
so that useful chemopreventive strategies can be 
properly assessed. 
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